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s p e c i c s .  

l e s s ,  ;.:ethane r e z d i l y  p o l y a c r i z c s  when a s o l u t i o n  i n  l i q u i d  argon 

We hcvc found t h a t  i n  c o n c e n t r a t i o i i s  0% a p c r c c n t  0: 

is ir..- . L ~ U I L I ~ c d  .? .. - .. w i t h  co>zil'; 60 gamiia r a d f a t i o i i .  It forms a polyincr 

w i th  g c n c r a l  for:;:ula of C 2oFi40 which is  v c r y  s i m i l o r  t o . t h a t :  

found c z r l i c r  i n  s o l i d  c x t h j n c  a t  Liquid ni.tro2c.n t c m p r a t u r c a .  (1) 

It, is  our  p r e s e n t  suggestion") t h a t  t h e  mechanism of poly-  

m e r i z a t i o n  may i n v o l v e  t h e  Auger t r a n s i t i o n  i n  t h c  argon atom, 

i . c .  t h e  p o l y a c r  is formed on ly  when a n  i n n e r  e l e c t r o n  i n  argon is  

ion ized .  The r e s u l t i n g  e x p i o s i o n  caused by s u c c e s s i v e  Auger t r a n s -  

i t i o n s  would produce a c o n g r e g a t i o n  of p o s i t i v e  a rgon  i o n s  i n  the  

i r i c d i a r e  v i c i n i t y  of t h e  o r i g i n a l  p o i n t  of i n t e r n a l  level e x c i t j t i o n  

acd each of t h e  i o n s  would t h e n  be  n e u t r a ' l i i e d  b y  e l e c t r o n  t r a n s f f r  

f roin cictiiane s o l u t e  s i n c e  tlic s r a o n  i o n i z a t i o n  p o t c n t i a l  i s  h i g h c r .  

Thus about  20 n c t h a n c  ions  would bc produced w i t h i n  a r a d i u s  of a 

few 1 0 ' s  of Angstroms of t h c  o r i g i n a l  s i t e .  

izat io; :  of t h c s c  ions  by e l c c t r s n s  b c i q  a f a s t  o r  v e r t i c a l  p rocess  , 

( i n ,  t hc  s e n s e  of t h e  Frarsk-Condon P r i n c i p l c )  would cause  d i s s o c i a t i o n  

, 

The subsequen t  n c u t r a l -  

o; t:. ., -.,..I, 

3'  .... .. sac t o  f o r a  r a d i c a l s  an2 f r a g n n t s  such i is  C11, C11 and CH 2 

7;t;i.s~ t?.cn w o a l l  sclrs~r;ac.r.t:y r ~ c o : z : ) ~ ~ c  f o r  t!;crc woitld be. l i t t l c  c l sc  . 

Tor tki .2 t o  do .  Ykis t i i c o r y  is s t i l l  uaCL.r cs;icri a t 3 1  ; r . s t .  ;:e a r e  

stu2yin;: tiic c f c e c t s  on t1.c i s a t o p i c  c o z p o s i t i o n  of thc  poly;..:cr i.i.rsus 
e' 



\ ,- 

t h a t  o r  t h e  o t h e r  p r i n c i p a l  product  e t h a n e ,  and we a r e  f u r t h e r  

s tudy ing  t h e  small e f f e c t  od d i l u t i n g  the methane on t h e  mole- 

c u l a r  we igh t  of  t h e  polymer. 

The a b i l i t y  of hydrocarbon i o n s  t o  r e a c t  a t  low t e m p e r a t u r e s  

i n  t h e  p re sence  of  i o n i z i n g  gama r a d i a t i o n  h a s  been well known 

f o r  a long t ime i n  t h a t  t h e  ha rden ing  o f  the p l a s t i c  polymer poly-  

e t h e l e n e  by g a m a  r a y s  has  been w e l l  s t u d i e d .  It is  o u r  p r e s e n t  

b e l i e f  t h a t  t h i s  t o o  is an  i o n i c  p r o c e s s  i n  most p a r t . ( 3 )  

once a g a i n ,  t o  s a y  t h a t  t h e  proof  i s  complete  would be  a n  exagger-  

a t i o n .  It would seem on ba lance  t h a t  a t  low t empera tu res  i o n i c  

p rocesses  may be dominant and t h a t  a t  o r d i n a r y  t empera tu res  they  

a r e  v e r y ,  v e r y  impor t an t  i n  r a d i a t i o n  chemis t ry  i n  g e n e r a l .  

Though 

P a r t  B Carbon Vapor a t  Low Temperature 

Our s t u d i e s  of t h e  chemical  r e a c t i o n s  of  ca rbon  v a p o r  w i t h  

co ld  benzene and w i t h  diamond s u r f a c e s  w i l l  be d i s c u s s e d .  It i s  

c l e a r  t h a t  ca rbon  atoms a r e  a b l e  t o  r e a c t  w i t h  benzene even a t  77'K. 

It is not c e r t a i n  t h a t  t r a c e  amounts of  oxygen may n o t  be  involved 

i n  a c r i t i c a l  way a l s o .  

Our a t t e m p t s  t o  p r e p a r e  t o  grow diamonds by e v a p o r a t i n g  carbon 

vapor  on t o  seed diamonds under  h i g h  vacuum c o n d i t i o n s  w i l l  be  des-  

c r i b e d  and any p r o g r e s s  towards t h i s  g o a l  d i s c u s s e d .  It seems c l e a r  

t h a t  t h e  q u a l i t y  of t h e  vacuum may be  a l l  impor t an t  i n  t h i s  p rocess .  

We indcsed a r e  u s i n g  t h i s  a s  an example of t h e  p o s s i b l e  chemical  v a l u e  

of t h e  ex t r eme ly  h i g h  vacua t h a t  a r e  a t t a i n a b l e  in  t h e  s p a c e  chambers 

i n  the  ae rospace  i n d u s t r y  and i n  t h e  l a b o r a t o r i e s  such  a s  J e t  Propul-  

s i o n  Laboratory and,  of c o u r s e ,  jn o r b i t i n g  s a t e l l i t e s .  It seems t o  
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i 
us t h a t  we shou ld  be a b l e  t o  develop a chemis t ry  of s u r f a c e s ,  wliicli 

h a s  been h i g h l y  i n h i b i t e d  because of a i r ,  i f  ve t ake  tlie p a i n s  t o  

e l i m i n a t e  a i r  and t h i s  may be a chemical  b e n e f i t  of t h c  space  cnviron-  

ment. 

Chemistry of P o s i t i v e  Ions.  V I .  P o s i t i v e - I o n  Chemistry 
i n  S o l i d  Metliaiie. Donald R. Davis ,  W. F. Libby and 
W. G. Mcinschcin.  J. Chem. Phys. 45, 4481-(1966). 

(’) Polyrncr P roduc t ion  i n  t h e  Gama  R a d i o l y s i s  of Piethane i n  
Liquid Argon. W. F. Libby, P e t e r  Hamlet, J a i  M i t t a l  
and J e f f r e y  Moss. T o  be pub l i shed  in  The J o u r n a l  of 
The American Chemical S o c i e t y .  

( 3 )  The Chemistry of I o n i c  S t a t e s  i n  S o l i d  S a t u r a t e d  Hydrocarbons. 
L a r r y  Kevan and W.  F .  Libby. Advances i n  Photochemistry,  
V o l .  2, I n t c r s c i e m c e  P u b l i s h e r s ,  New York, 183-(1964). 
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A decade ago it  w a s  s t i l l  said t h a t  t h e  chemis t ry  o f  atomic 
carbon was the  f i r s t  page o f  t h e  book o f  o r g a n i c  chemis t ry ,  and 
tha t  tha t  page was b lank .  But even  i n  t h e  l a te  f o r t i e s  and e a r l y  
f i f t i e s  there  were already some markings on t h e  page .1  
s e n t  r a p i d  development of t h e  f i e l d  s t a r t e d  about  1 9 6 1  when i t  
was proposed t h a t  the  b a s i c  r e a c t i o n  mechanisms of  atomic 
carbon w i t h  hydrocarbons w a s  b y  i n s e r t i o n  i n t o  C-H and C-C 
b o n d s . 2 ~ 3  That b lank  f irst  page i s  now u i t e  w e l l  f i l l e d  i n  as 

The r e a s o n  tha t  t h e  s t u d y  of a tomic carbon came so la te  i s  

The pre- 

far as t h e  b a s i c  o u t l i n e s  are concerned. 1 

t ha t  t h i s  s p e c i e s  i s  so  r e a c t i v e  t h a t  it i s  d i f f i c u l t  t o  produce 
i n  c o n t r o l l e d  c o n d i t i o n s .  Now, however, a t  least f o u r  techniques  
have been used: 
from g r a p h i t e 6 , 7 , 8 ,  and laser f1ash .g  
been demonstrated but  w i l l  no t  be reviewed here. 

n u c l e a r  r e c o i l 4 ,  ph tochemis t ry5 ,  e v a p o r a t i o n  
Other methods have a l s o  

Nuclear Recoi l  Techniques 

Nuclear r e c o i l  was t h e  f irst  technique used and it has  
s u p p l i e d  the b u l k  and t h e  backbone of what w e  know a t  p r e s e n t  
of atomic carbon.4 
r e a c t i o n .  For i n s t a n c e  on s i m p l y  i r r a d i a t i n g  C'* w i t h  h igh  
energy gamma r a y s  (> 20 MeV) t h e  f o l l o w i n g  p r o c e s s  o c c u r s  

~ ' 2  i r  + C" + n 
The C l 1  a s  i n i t i a l l y  produced may possess  a very  l a r g e  amount 
of k i n e t i c  energy (- 100 kev) .  T h i s  is  l o s t  i n  s u c c e s s i v e  
c o l l i s i o n s .  When t h e  energy of t h e  atom f a l l s  i n t o  t h e  chemical 
energy range below 130 eV i t  may r e a c t  t o  combine. Label led  
molecules a r e  formed by t h i s  means and may be assayed  b y  
radiogaschromotoqraphy. 

C o n s i d e r a t i o n s  o f  atomic phys ics  r e q u i r e ,  and experiment  
confirms,  t h a t  as t h e  carbon atoms r e a c h  t h e  chemical  e n e r  v 
range  t h e  are i n  a low-lying e l e c t r o n i c  s ta te ,  e i t h e r  i n  %, 
ID or IZ.'a,b 

Radioac t ive  carbon i s  produced by  a n u c l e a r  

They may however r e a c t  w h i l e  t h e y  are s t i l l  "hot" ,  



1. e.  have excess  k i n e t i c  energy.  Th i s  i s  r a t h e r  an  advantage,  
however, s i n c e  one  m a y  c o n t r o l  t h e  energy of  r e a c t i o n  b y  t h e  
use  of modera tors .  I n  a system c o n t a i n i n g  a l a r g e  excess  of 
a r a r e  gas ,  e s s e n t i a l l y  a l l  r e a c t i o n s  occur  a f t e r  t h e  carbon 
atoms have bpen t h e r n a l i z e d .  

The n u c l e a r  ne thod  nay be used wi th  e i t h e r  C" o r  C". 
Hcwever t h e  h a l f - l i f e  of C 1 4  is s o  g r e a t  t h a t  prolonged 
i r r a d i a t i o n  i s  r e q u i r e d  be fo re  enough i s  produced. This has 
l e d  t o  s e r i o u s  d i f f i c u l t i e s  wi th  r a d i a t i o n  damage e f f e c t s .  
Most c u r r e n t l y  a c c e p t e d  d a t a  was ob ta ined  u s i n g  C " .  

Photochemical Techniques 
U.V. p h o t o l y s i s  can  be  used t o  produce atomic carbon,  

e. g .  wi th  carbon suboxide .  5 
c3oz + hV * CzO + CO 

* c + 2co 
Atomic carbon is produced only  i f  very  s h o r t  wave l e n g t h s  
(- 1500 A') a r e  used .  Th i s  type  of method has  been employed 
both  i n  t h e  gas  and s o l i d  phase.  It  i s  however s e v e r e l y  
r e s t r i c t e d  by t h e  t r anspa rency  of  t h e  medium t o  t h e  needed 
r a d i a t i o n .  For t h i s  r e a s o n  methane i s  t h e  only  a lkane  whose 
r e a c t i o n s  wi th  a tomic  carbon have been s t u d i e d  by t h e s e  means. 

Evapora t ion  Technioues 

evapora ted  from a hea ted  g r a p h i t e  rod6 ,  a carbon a r c 7 ,  o r  an  
exploding  f i l amen t8 .  The carbon vapor may be d e p o s i t e d  on a 
s u r f a c e  on which i t  i s  al lowed t o  r e a c t .  

Seve ra l  t e c h n i q u e s  have been developed i n  which carbon i s  

. This  t echn ique  t e n d s  t o  be r e s t r i c t e d  t o  t h e  s tudy  of  
r e a c t i o n s  of a tomic carbon on s o l i d  s u r f a c e s .  The i n t e r -  
p r e t a t i o n  of gas-phase r e a c t i o n s  would p r e s e n t  d i f f i c u l t i e s  
because of e x t e n s i v e  p y r o l y s i s  and p h o t o l y s i s  on t h e  evapora t ing  
body. 

Lzser  F l a s h  Tech?iaues 

technique  i n  which a l a s e r  i s  used.  A p u l s e  i s  focused  onto  
a carbor! s u r f a c e  f3rming a s n a l l  ho t  s p o t  from which carbon 
evapora t e s .  3 e a c t i o n s  wi th  a low-pressure g a s  can be s t u d i e d  
because the  hot  s p o t  is  so  m a l l  and s h o r t  l i v e d  t h a t  ex tens ive  
p y r o l y s i s  does  n o t  o c c u r .  

We have r e c e n t l y  developed9 a v a r i a n t  of t h e  evapora t ion  

While t h e  u s e  or" a lase- f l a s h  r e p r e s e n t s  an advantage i n  
t h a t  r e a c t i o z s  ir. t h e  gas  phase can be t r e a t e d  i t  s t i l l  s h a r e s  



w i t h  o t h e r  evapora t ion  t echn iques ,  t h e  d i sadvan tage  t h a t  a 
range  of carbon s p e c i e s  C I ,  C Z ,  C 3  e t c .  a r e  formed. 

Comparison o f  Techniques 
All t echn iques ,  though g e n e r a l l y  used under  d i f f e r e n t  

c o n d i t i o n s ,  t e n d  t o  g i v e  very  similiar r e s u l t s  in s o  fa r  as a 
comparison can  be made. However S k e l l  has  r e p o r t e d  appa ren t ly  
s i g n i f i c a n t  d i f f e r e n c e s  i n  h i s  evapora t ion  t echn iques ,  which 
Would t end  t o  i n d i c a t e  t h a t  s p e c i e s  of  lower energy are  involved? 

t In p a r t i c u l a r  a c e t y l e n e ,  a h igh  energy product  normally found 
when atomic carbon r e a c t s  w i th  hydrocarbons i s  conspicuous ly  
absent when t h e  p a r t i c u l a r  method i n  q u e s t i o n  i s  used.  T h i s  
appa ren t  d i s  repancy has not  y e t  been r e s o l v e d .  One p o s s i b l e  
explana t ion18 stems from the f a c t  tha t  i n  t h i s  t echn ique  a lone  
there 1s a n  a p p r e c i a b l e  d e l a y  between p roduc t ion  and r e a c t i o n  
of the  carbon atoms. Conceivably t h i s  might a l low complexlng 
of t h e  carbon atoms, r educ ing  t h e i r  r e a c t i v i t y ,  something t h a t  
commonly happens t o  a c t i v e  s p e c i e s  on  ag ing  i n  o r d i n a r y  vacumms. 
Such complexed s p e c i e s  could  a c t  as carbon atom donors ,  w i t h  
r e a c t i o n s  similar t o  bu t  less e n e r g e t i c  t h a n  those  of f ree  
carbon atoms. Indeed a t i m e  dependence of r e a c t i v i t y  i s  found 
I n  t h e s e  experiments7,  though t h i s  has been a t t r i b u t e d  t o  
decay o f  s p i n  s ta tes .  

S m a r y  of  F ind ings  
So much I s  now know‘of t h e  r e a c t i o n s  of  a tomic carbon t h a t  

it I s  imposs ib l e  t o  g i v e  a b r i e f  y e t  comprehensive review.  
Reac t ion  wi th  ino rgan ic  o x i d e l l ,  wi th  n i t r o g e n 1 1  and w i t h  

\ , hydrogena2 are reviewed e l sewhere .  With hydrocarbons t h e r e  a r e  
three p r i n c i p a l  modes of pr imary r e a c t i o n s .  
1) I n s e r t i o n  i n t o  a C-H bond 

1 
i 

\ 
e.g.  C l l  t CD3CH3 + DC”CDzCH3 + o t h e r  p roduc t s  

+ 
DC” 1 CD 

1 
As expec ted  the  a c e t y l e n e  formed i n  such r e a c t i o n  w i t h  C D i C H i  
I s  e l t  er C”D 5 CD or C”H : CH wi th  l i t t l e  C”D 5 CH be ing  
formed Ca . 

\ 2 )  I n s e r t i o n  i n t o  a C = C bond 
e .g .  C l ’  t CDz = CHz + C D Z  = C 1 ’  = CHZjor o t h e r  products )  

As expec ted  t h e  a l l e n e  formed by t h i s  r e a c t i o n  i s  C”  ce  t e r  
l a b e l e d  and h a s  t h e  hydrogen i s o t o p e  d i s t r i b u t i o n  shown.Ca 
3 )  Abs t rac t lon  t o  form CHz 

C” + RH + C ’ I H z  
P r i m a r y  modes 1) and 2 )  y i e l d  and in t e r rned ia t e  adduct  

which i s  h igh ly  e x c i t e d  due t o  t h e  energy re leased .  in forming 



the  new bonds. The f u r t h e r  f a t e  of  such complexes depends 
on t h e i r  s p i n  s t a t e s  and on how r a p i d l y  energy i s  moved by 
c o l l i s i o n a l  d e a c t i v a t i o n .  This  t p i c  i s  w e l l  understood and 
Is f u l l y  d i s c u s s e d  e l sewhere .  1 3  3 

I n s e r t i o n  i n  C-C and C-F bonds has not  been observed.  
I n s t e a d  i n  p e r f l u o r o c a r b o n s  t h e  dominant r e a c t i o n  appears  t o  
be a b s t r a c t i o n  t o  form C-F, f luoromethyne.9 The probable  
e x p l a n a t i o n  f o r  t h i s  p a t t e r n  of pr imary i n s e r t i o n  w i l l  be 
d i s c u s s e d .  
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FEACTIONS OF C 1 ,  C2, C3, C 4  
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ABSTRACT 

Evapration of gmphite has been carried out producing the 

following species i n  proportions which vary w i t h  the method of 

vaporization and ageing. 

c1 +’ ’D, % 
C2 !hiplet, Singlet 

C3 Singlet, Triplet 

c4 
Ihe reactions o f  these species, with a range of substrates in 

condensed w e  (low temperature) wi l l  be reported: alkrrnes, cyclc- 

alkanes, alkenes, alkynes, alcohols, aldehydes, ketones epoxides 

-1 halides. 



a i o u  intensity a r c  under high vacuum have rcccn:ly 'ocen rcported from this 

~ laboratory.  

In an effort  to find react ions of a tomic carbon whic!i r.ight not be classified \ 

a s  normal  carbene p rocesses ,  the react ions of aroi-.iic carbon with carbonyl 

compounds were studied. The reaction of carbon a t o m s  with acetone cocondensed i 
1 

1 ' on a liquid nitrogen cooled su r face  produced carbon monoxide and propylene in 

1 good yield ( s e e  Table I). 

Table I 

Compound Y ielda 

co 5 9 . 6 %  

CH2 = CHCH3 5 4 . 2 %  

a calculated a s  M m  product/MmC1 vaporized 

The production of Carbon monoxide and propylene in nea r ly  equal amounts 

suggested the following react ion sequence: 

0 

3 CH = CI-IC13 
2 

- _  
~i : h i s  sche.Te w e r e  operat ive,  the react ion w a s  novel deoxygenation p rocess  

tG Traduce the subvalent carbene species  and would thus provide an  opportunity 

to generate  a wide va r i e ty  of ca rbenes  a t  low t empera tu res .  

s cheme ,  the react ion of acetone with C I 4  enriched e l ec t rodes  was examined. A S  

T o  tes t  the proposed 
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This  method \ \ a s  found to bc a genvral prepara t ion  of alkyl carbenes and the 

data gathered on product distribution f rom the deoxygenation method closely 

r e semble  those f r o m  tosy! hydrazone decompositions.  

T h r e e  such compar i sons  a r e  given below: 

b7 

CI 7 

92 

9 3  

L J  N ' I>- 

28 5 t r ace  

21 10 2 

7 1 

6 .  1 

IJ3 3 3  2 

( tosy l  hydrazone) 

(deoxygenation) 

( t -h)  

(de ox) 

Thus,  i t  a p p e a r s  that deoxygenation produces an  in te rmecia te  ve ry  s imi la r  

to  the p rocess  genera l ly  a s s u m e d  to be a r a rbene  preparation. 

that the s imi la r i t i es  between reaction a t  a liquid nitrogen cooled sur face  and a 

decomposition performed a t  - 1 ~ 0 "  a r e  so g rea t .  

activation energy f o r  the in t ramolecular ,  ca rbene  reactions.  

I t  is quite striking 

We feel th i s  indicates a low 

Deoxygenation \ \ as  cxtcnded t o  other ma te r i a l s .  

oxide deoxygenated to  propylene and carbon monoxide. 

I t  was  observed that propylene 

F r o m  the above da ta ,  \ \ c .  feel that  oxygen abs t rac t ion  is a convenient method for 

the generation of c a r b e n e s  and  rad ica ls ,  f r ee  of complexing a t  low temperatures .  
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would be expected from the scheme, the propylene gave a mola r  activity 0.039 

while the Carbon monoxide was found have a molar  activity 0.91. This  established 

that Carbon monoxide did indeed a r i s e  

and that the propylene was formed in a 

e lectrodes.  

1 
f rom a deoxygenation p rocess  involving C 

p rocess  not involving carbon f r o m  the 

As a second check, the reaction forming propylene should a l so  be intramolecular 

i f  a carbene were  involved since simple hydrogen t r ans fe r  is a l l  that  is required 

for  product formation. A mixture of acetone d /do  = 1 . 2 5  was subjected to the 

reaction conditions and the resultant propylene analyzed by m a s s  spectroscopy. 

The ra t io  propylene d /do = 1.32, confirming the intramolecular  cha rac t e r  of 

the p rocess .  

6 

6 

The d i m e r  of the carbene,  2,3-dimethyl-2-butene,  was not observed.  This  

may be attr ibuted to the relat ive rapidity of hydrogen t r ans fe r  as  opposed to the 

ra te  of diffusion of dimethyl carbene through the acetone matr ix .  

that the p rocess  of Carbon a tom insertion into carbon-carbon double bonds does 

not take place into carbonyl functionfsince such an adduct (I) would be expected 

to give ei ther  dimethyl ketene (11) o r  isobutylene oxide (111). 

It a l so  appea r s  

e. 

IC \ 
' i . - 0  

CH CH 
\3 

CH3 

____) 

CH2 - 
CH3 

Neither of these products were  formed. 



178 
I 

, *  

RECENT SPECTROSCOPIC STUDIES OF HIGH-TEMPERATURE 

MOLECULES 

G .  Herzberg 

National Research Council of Canada, 
Ottawa, Ontario 

ABSTRACT 

Molecules that are important in hlgh temperature studies 

of gases may be studied spectroscopically not only in 

absorption at high temperature but also in emission or 

absorption in electric discharges or their afterglows, or in 

absorption in flash photolysis of various parent compounds. 

Recent spectroscopic work on high-temperature molecules oy 

all of these methods will be described. This work includes 

studies of diatomic hydrides (BH, AlH, CH, SIH,) of several 

homonuclear diatomic molecules and ions (H2, C2, C2 , N2 , 
02, Mg2, Si21 and a few heteronuclear non-hydride molecules 

(BF, CF, NF, NC1, SO). A good deal of work on spectra of 

triatomic free radicals has been done and will be briefly 

described. 

- +  

/’ 

/ 
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SPECTROSCOPY OF HIGH 'PEMPERATURE M O I E U L E S  

B 

I 

, 

Leo Brewer 

Inorganic hhterials Research Division of 
Iawrence Radiation Laboratory and Department of Chemistry 

University of California, Berkeley, California $720 
.- ... . _..__II_ -. - .  teapeys 'ure  3.1 m-z:es, :'i- n.rcsY :::2 s i . i i l ? r  C O ~ ~ L C ~ S  s_" hi?.':? 

excita:.ton 2 : ~  thz  con.,i:nticil:.: :';,?u-ces 0:'  , ; ;>ec:r -  c Z  111 ::I t.;npt?:st:iTa 

1olocules. ~ ~ ; y . ~ v e r ,  sy,ec".a f Y 3 . i  suc;; I O U T C C Z  'trc.: , . I%>. : .  

resolve hecause of t h e  l i i l i i  e l e c t r o n i c ,  vi'a,,$icr:al, 2::! r c t z t i c r d  

e x c i t  s t i o n  rosu l t in ;  i n  s x t e n s i v s  overla..:iin:: o f  spec': r i l  S;i;ds. 

o f  i a p u r i t y  ! ro lea i l ss  i?cr:osco the c t > , q l i , c a t  1 ~ 1 : ~  lus t o  overlo,:?inq. 

Zxcitat i , ;n  

It i s  i?rportant t o  o j t a i r ,  'coaj le te  ana1:lses o f  t h e  3rild 3yste.m o f  

h iyh  temperaturo molecules t o  e s t a b l i s h  t h o  spectroscopic  c o n s t a t s  needed 

f c r  c a l c u l a t i o n  of t b  hixh zenpersturo t'nei-aodynaqic proper t ies .  

p a r t i c u l a r  the  e s t s b l i s n w n t  o f  ?'ne der-nerocios  n.112 enerq ies  of  a l l  

In 

, low ljrlnz c l e c t r m i c  s t a t e s  i s  v e r y  inportant .  

The f a i l u r s  o f  conventional uzt'hods t o  produce the  needed. i n f o r i a t i o n  

has s t i v l a t e d  a v a f i e t y  o f  ne:I apsrosches. This papnr will d iscuss  t h e  

pote;-.tial advantages ar.d hnnditapa of t h e  new n3ti;oZs and w i l l  suzgest 

o t he r ai) I, ro  ac I .ea. 

A ra ther  widely appl ied  method i n  ?he l a 3  fow years  involves  t h e  . .  

entrapsont  of  hi;,.:? t,-;mperaturs molecules i n  a r a r s  :as o r  o t h e r  inert 

rnatricee at l i q u i d  hydro,ren o r  helium tsmperatures .  This :nsthod of fere  

a sirnclffYcat.tfon o f  t'm ana lys i s  o f  t b  spectrum i n  t h a t  on!: would expect 

t h e  e n t r s p x d  molecules t o  bo i n  t he i r  1o:~ost ' c l o c t r o n i  - a n d  v i b r a t i o n a l  

s t a t z s .  

af a sia.1, e pr.,jr.:eeiar. .zr i3in-  fro.3 t c i r :  v"= 9 1 e v : l  o f  tile ?round e l e c t r o n i c  

';"ne absorpt ion spectr :m sf g2 i:. a matr ix  i s  found t o  consis t  
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iWTRM ISOMTION I N F W D  SPECTROSCOPY 
OF HIGH TEMPEXATUlU3 SpEClES 

J. L. Margrave, J. W .  Hastie and 3. 11. Hauge 
Department of Chemistry, Rice Universi ty  

Matrix i s o l a t i o n  i n  rare gases has  been widely used f o r  in f ra red  

s tud ie s  of react ive spec ies .  

s tud ie s  of  high temperature species  is  apparent i f  one compares t h e  usua l  band 

widths of gas phase absorpt ion s p e c t r a  t o  those obtained i n  matrix i so l a t ion  

spectra. 

s h i f t  measurements of v i b r a t i o n a l  bands which i n  t u r n  can be used t o  calculate  

accurate  force  constants .  

antisymnetric s t r e t c h  (vg )  can often s e t  c lose  l M t s  on t h e  bond angle. 

Alternat ively,  isotope shifts of t h e  v1 and y can be used i n  combination 

t o  determine the  bond angle but t he  measurements are sometimes made d i f f i c u l t  

because of t h e i r  r e l a t i v e l y  low absorption i n t e n s i t i e s .  

An advantage of matrix i so l a t ion  f o r  in f ra red  

I n  f a c t  t he  narrow band widths of'ten make possible  accurate  isotope 

For XY2 t r ia tomic  molecules isotope s h i f t s  of the  

A simple use may be made of t h e  isotope s h i f t s  of some diatomic 

molecules t o  determine t h e i r  anharmonicity. A comparison of the  measured 

anharmonicity of a molecule trapped i n  a rare gas matrix t o  i t s  gas  phase value 

serves  88 a n  ind ica t ion  of t h e  e f f e c t  of t h e  matrix on t h e  shape of the  po ten t i a l  

energy curve. T h e  following t a b l e  l i s t s  wexe for matrix iso la ted ,  using Ne or A r ,  

end gas phase molecules. 

UF 

L i C  1 

s i 0  

uexe ( cm-l) 

matrix f s o l a t e d  gas phase / 

9.4 - .1 8.0 
+ 3.1  - 1 

7.8 - 3 
+ 

4.2 

6 .O 



It i s  c l e a r  from the  above t a b l e  t h a t  anharnionicities are af fec ted  only a very 

s m a l l  %mount, i f  a t  a l l ,  'by a ra re  gas r ia t r i s .  

t h e  

T h i s  is t r u e  f o r  L i F  even tl!ough 

value s h i f t s  about 50 cm-'from t h e  gas phase t o  an argon matrix. 

Isotope s h i f t  rneasurements of t h e  v, f o r  symmetric t r ia tomic  XY2 

molecules may be exac t ly  r e l a t e d  t o  t h e  bond angle by t h e  following equation: 

where 2a equals the bond angle and UI 

frequency. 

e f f e c t  which i n  most cases has  l i t t l e  inf luence on t h e  measured bond angle ,  

i s  t h e  zero-order antisymmetric s t r e t c h  
3 

I n  prac t ice  one uses measured v, values  and est imates  t h e  anharmonic 

-1 It a l s o  follows from t h e  above equation t h a t  a t 0.1 cm e r r o r  i n  
0 the isotope s h i f t  measurement of vg w i l l  cause a bond angle c lose t o  180 

less w e l l  determined than one close t o  90'. 

instruments it Secomes d i f f i c u l t  t o  d i s t inguish  between bond angles  of 160' and 

180'. 

a lower l i m i t .  The t r ia tomic  molecules l i s t e d  i n  t h e  following t a b l e  have been 

s tudied i n  our laboratory and f o r  t h e  f e w  cases (eg.  NiF2, CUF2 and ZnF2) where 

t h e s e  molecules have a l s o  been s tudied by o ther  inves t iga tors  t h e  agreement 

t o  be 

The e f f e c t  i s  such t h a t  with present  

Although f o r  these  cases a n  isotope s h i f t  measurement can c l e a r l y  e s t a b l i s h  

with our  work i s  very good. 

Bond angles  (degrees)  

T h i s  work Microwave This work 

117 2 119.3 z*2 160 - 170 

163 - 170 110 - 3 113.5 c*2 
+ 

110 : 2 - KiF2 154 - 167 

100.5 : 2 100. g FeF2 1.55 - 1-70 

34 +_ 2 c rF2 160 - 180 



sfl2 
TiF'2 

1 
184 

Bond Angles (degrees) 

This  work Microwave This work 

P + - 3  - kCk 180 

I20 +, 4 vc k - 180 

It is  apparent from t h e  above data  t h a t  t h e  bond angle decreases s l i g h t l y  as t h e  

c e n t r a l  atom s i z e  i s  increased down a column of t h e  per iodic  t ab le .  One a l s o  

notes  t h a t  a l l  of t h e  i s o e l e c t r o n i c  18 valence-electron molecules l i s t e d  above 

are bent as predicted by Walsh ru l e s .  The bent configuration of TiF2 indica tes  

t h a t  i t s  d-electrons a r e  involved i n  the  bonding t o  a considerable extent .  

Inf ra red  absorp t ion  da ta  obtained for Group I V  d i f luor ides ,  SiF2, 

GeF2, SnF2, ana PbF2 are given i n  t h e  following t ab le  along with other  molecular 

parameters. The f o r c e  constants  for GeF2, SnF2 and PbF2 were calculated with 

t h e  assumption of a zero stretch-bend in t e rac t ion .  The force  constant values for 

CF2 a r e  taken from Mill igan and Jacox J.C.P. 48, 2265, (1968) and for SiF2 from 

V. M. Khanna e t  a1 J.C .P. 47, 5031 (1967). 

mm@ CF2 SiF2 GeF2 sfl2 pbF2 

ki 6 .O 5 .M 4.07 3.52 3 .@ 

1.40 0.44 0.32 0.16 0.11 

k E  1.45 0.31 0.22 0.17 0.10 

r X-Mx (8) 1.30 1 - 5 5  (1.73) (1.92) (2.01) 

bond angle 104.9 100.9 $:4 P t 3  (90) 

I$-bK( kcal/mole) 108 153 115 114 104 

k1rx-m /?+-Mx 7.2 5.2 6.1 5.9 5.8 

( x  100) 

It is  apparent from the  above t a b l e  that k l  v a r i e s  ra ther  smoothly 

through the  Group I V  series t h i s  i s  not the case however f o r  t h e  %-Mx energies. 

The ratio of klrX-MX /%-m might be expected t o  remain constant through the  Graup I V  

/ 

1 

/ 

/ 

/ 



s e r i e s  and i n  f a c t  does f o r  G e ,  Sn, and Pb d i f luor ides .  The deviat ion of t h e  r a t i o  

from an average value of 6 for SiF2 and CF2 seems t o  ind ica te  a strengthening of 

t h e  F-SiF bond by acproximately 20 kcal and a srenke2ity of the P-Z-3 bond b j  approtimst,ely 

20 kca l .  

d -obi ta l  involveaent i n  the bonding. 

due t o  s t rong f luorine-f luorine or f luorine- lone p a i r  repuls ion.  

pointed out by others  t h a t  t h e  q u i t e  high value of t h e  bond-bond i n t e r a c t i o n  force 

constant for CF2 i s  good evidence for  s t rong  f luor ine- f luor ine  in te rac t ion .  

A strengrthening OP t h e  F-SiF bond might be a t t r i b u t e d  t o  ~ 0 x 0  type of 

The wzakening of the F-CF bond might w e l l  be 

It has been 

Inf ra red  d a t a  obt3ined for t h e  first row t r a n s i t i o n  metal d iha l ides  are 

given i n  the  following t 3 b l e .  

a r 5 i t r a r i l y  adding 0.7A(Ne--k-) t o  t h e  messured frequency i n  a Neon-matrix. 

force  constsnts  have been ca lcu la ted  using a three constant  valence force  f i e l d .  

The gas phase frequencies  have been estimated by 

The 

40 C a  

sc45 
T i  

V5l 
Cr'2 

:.ln5 5 
56 
59 
58 
63 
64 

48 

Fe 

co 
i i i  

C J  

Zn 

Trans i t ion  Metal Dif luorides  
v3(Most Abundant) A(Ne-Ar) u3(Ne)+0.7( A) kl-kE 

Neon Argon 

Isotope cm-1 m-1 ca-1 - 
581a 56ia 20 5 95 2.17 
700.2 635 *5 14.7 710.6 3.34 
753.3 740.6 E .6 762.1 4 . O j  

743.3 733 -7 9.6 750.0 3.80 
680.5 654.8 25 -7 698.5 3.18 
722.6 703.6 22 .o 740.0 3.67 

746 e3 723 *6 22.7 762.2 4.02 
801.2 780.6 20.6 815.6 4.57 
767.0 744.4 22.6 782.8 4.33 
782 .o 764 .o 18.0 794 -6 4.48 

753.3 731 *8 21.5 768.3 4.00 

G e  655b 648b 7 669 3.82 

a. 

b.  J. ! I .  -as t ie ,  R .  . auge, and .J. L. :Iargrave, J. Phys. Chem. ( i n  press)  (1968). 
A .  Snelson, J. Phys. Chen., 70, 320s (1965). 
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The s t r e t c h  fo rce  constants f o r  t h e  d i f luo r ides ,  d ich lor ides  and t h e i r  

r a t i o  %re l i s t e d  i n  t h e  following t a b l e .  

and Zn have been taken from k r o i  e t  a1 J.C.P. 36, 2879 (1962). 
The d ich lor ides  of Mn, Fey Coy N i ,  Cu 

Ca 

s c  

T i  

V 

C r  

Mn 

Fe 

co 

PI i 

cu  

Zn 

Ze 

2.17 

3.34 

3 .80 
3.18 

4.03 

3.67 
4 .OO 

4.02 

4.57 
4.33 
4.48 
3.82 

( 1.88) 

(2.27) 

2.19 

(1.79) 
1-99 
2.23 
2.30 
2.51 

2.43 
2.67 
2.17 

- 
- 
1.74 

1.84 

1-79 
1-75 

- 

1.82 

1.78 
1.68 
1.76 

The r a t i o  of s t r e t c h  fo rce  constants i s  almost invar ian t  and 

provides a convenient means of es t imat ing  t h e  unmeasured d ich lor ide  fo rce  

constants.  The estimated values a re  bracketed i n  t h e  above tab le .  

I ,  

In f r a red  s p e c t r a  obtained f o r  S e Q ,  Te@ and TeO a r e  l i s t e d  

i n  t h e  following; t a b l e .  

S e b  974 924 7 .oo 

TeQ 84 5 827 5.75 

TcO 791 5.25 I 

Polymeric forms of these  s p c i e s  have a l s o  been i d e n t i f i e d  i n  t he  matrices.  

Mass spectrometric s tud ie s  have ind ica ted  that fhe  polymeric species &O 
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e x i s t  i n  t h e  high temperature vapors. 

spec ies  i s  almost completely monomeric SiO, m a t r i x  i s o l a t i o n  leads t o  extensive 

polymerization even at r e l a t i v e  S i 0  t o  rare gas concentrations of 1/1OOO. 

Simi lar ly  t h e  e l e c t r o n i c a l l y  similar high temperature species,  BF i s  d i f f i c u l t  

t o  i s o l a t e  i n  these  mztrices. 

However for t h e  S i0  system where t h e  vapor 

Reactions of NaF and SiF2 and Na f SiF2 have been s tudied  by co- 

condensation of both species .  

t e n t a t i v e l y  assigned t o  NaSiFB and NaSiF2. These products decomposed when 

t h e  condensate w a s  warned t o  r o m  temperature t o  form elemental S i  and 

New absorpt ion bands were observed and are 



i n  the prescnce  of an oicfin is: gcncral ly  regarded to procccd through a l r e e  divalent 

carbon intermediate ,  thcrc  is  much question as to the nature of the intcrmediate 

when alpha-eiimination rcact ions a r e  c a r r i e d  out i n  thc prcscncc of olciins to 

f o r m  cyclopropanes.  

a s  direct ly  t ransfer r ing  the  CXY moiety to olefin forming cyclopropanes without 

the intermediacy of z f r e e  carbene ,  but r a t h e r  a carbene  complex o r  carbenoid. 

Some species as ICH ZnI and LiCRCl have been postulated 2 2 

O n  the other  hand, indications a r e  that the action of base  on CHF X ( X  = C1, Br)  

yield a f r e e  carbenic  spec ies ,  CFz .  

2 

In the instance of dichlorocarbene produced through alpha-elimination, there  

i s  much cont roversy  as to whether  the intermediate  carbene is  a f r e e  o r  a complexed 

spec ies .  The aim of th i s  work  was  to resolve this conflict  by comparing the 

react ivi ty  of an unambiguously f r e e  dichlorocarbene with that of the species  f rom ' 

alpha -elimination. 

Unambiguously f r e e  dichlorocarbene w a s  produced via chloroform pyrolysis:  

chloroform was  passed  through a pyrolysis  zone (-1400") which led into a high 

vacuum sys tem,  allowing molecular  flow to a cooled solution of substrate .  

subs tances  leaving the pyro lys i s  chamber  experienced a 10 

before encountering the s t i r r e d  liquid solution of olefin and hydrocarbon solvent. 

The  dichlorocyclopropanes formed under these conditions are  the products derived 

frorx the reaction of free dichlorocarbene with the oleiin substrate .  

oi c ichlorocarbene w a s  found to add s tercospecif ical ly  to the 2-butenes a s  does 

rhe dichlorocarbene f r o m  b a s e  and chloroform. 

The 

second f r e e  fiight - 5  

This  var ie ty  
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Reactions were run in which olefin pa i r s  were  allowed to compete for  the 

f r ee  dichlorocarbene. Resul ts  of these competitions were compared with those 

for  dichlorocarbene systematical ly  generated by a number of alpha-elimination 

react ions in a var ie ty  of solvents, and over  an extensive tempera ture  range. 

The reactivity of trichloromethyllithium. a dichlorocarbene p recu r so r  stable 

a t  low tempera tures  (- -80") was a l so  studied. The mode of react ion of this 

compound with olefins i s  of g rea t  in te res t ,  since i t  can conceivably r eac t  by 

both a carbene and an organometallic route. 
\ 

Arrhenius  plots were  made for  the relat ive react ivi t ies  of pa i r s  of olefins. 

A common line was obtained independent of the mode of generation of the dichloro- 

\ carbene.  with alpha-elimination o r  pyrolysis of chloroform. 
\ 

Since all methods of generating dichlorocarbene gave an  intermediate  showing 

the same selectivity i t  follows that a l l  generate  the same intermediate ,  f r ee  

dichlorocarbene. 

\\ 
\ 



PREPARATIVE PROSPECTS OF "HIGH TEMPERATURE" SPECIES 

Thomas D .  Coyle ,  F .  E. Brinckman, J .  J .  R i t t e r  
N a t i o n a l  Bureau o f  S tandards  

Washington, D .  C .  20234 

and 

Gera ld  F .  Kokoszka 
S t a t e  U n i v e r s i t y  o f  New York 
P l a t t s b u r g h ,  N e w  York 12901 

Much of t h e  emphasis  of t r a d i t i o n a l  h igh  tempera ture  chemis t ry  i n  t h e  

p a s t  two decades has been  p laced  on t h e  e l a b o r a t i o n  of  thermodynamic, 

k i n e t i c ,  and s t r u c t u r a l  f e a t u r e s  o f  chemical sys tems.  Less  a t t e n t i o n ,  

p e r h a p s ,  has been g i v e n  u n t i l  q u i t e  r e c e n t l y  t o  the i m p l i c a t i o n s  o f  t h e  

r e s u l t s  of h igh- tempera ture  i n v e s t i g a t i o n s  f o r  t h e  s y n t h e t i c a l l y  o r i e n t e d  

chemis t .  It  has become i n c r e a s i n g l y  e v i d e n t ,  however, t h a t  t h e  v a r i e t y  

o f  unconvent iona l  and i n t r i n s i c a l l y  i n t e r e s t i n g  s p e c i e s  a c c e s s i b l e  i n  

s i g n i f i c a n t  c o n c e n t r a t i o n s  under  e n e r g e t i c  regimes are p o t e n t i a l l y  v a l u a b l e  

r e a g e n t s ,  and t h a t  t h e s e  r e a c t i v e  i n t e r m e d i a t e s  can provide  the means f o r  

s y n t h e s e s  o f  novel  sys tems n o t  y e t  ach ieved  by more u s u a l  r o u t e s .  

From the s y n t h e t i c  v iewpoin t ,  t h e  a v a i l a b i l i t y  o f  p o t e n t i a l  i n t e r -  

media tes  under e n e r g e t i c  c o n d i t i o n s  i s  o f  pr imary importance,  and t h e  

n a t u r e  of  t h e  e x c i t a t i o n  employed i s  perhaps secondary .  Accordingly,  

"high tempera ture" . techniques  i n  t h e  l i t e ra l  s e n s e  are  b u t  one f a c e t  o f  

a more genera l  s y n t h e t i c  r a t i o n a l e ,  which a lso embraces a l t e r n a t e  modes 

o f  e x c i t a t i o n  s u c h  as e lectr ic  o r  microwave d i s c h a r g e  procedures  and 

photochemical s y n t h e s e s .  Even more g e n e r a l l y ,  one may ex tend  t h i s  

s y n t h e t i c  v iewpoin t  t o  t h e  r a t i o n a l  u t i l i z a t i o n  o f  s t a b l e  compounds, 

themselves  formed by e n e r g e t i c  r o u t e s ,  which p r o v i d e  s o u r c e s  o f  preformed 
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submolecular  e n t i t i e s  n o t  o t h e r w i s e  a v a i l a b l e  f o r  s y n t h e t i c  e x p l o i t a t i o n .  

Thus, t h e  e n e r g e t i c  s y n t h e s i s  may provide  t h e  s t a r t i n g  p o i n t  f o r  a 

d e r i v a t i v e  chemistry t h a t  might n o t  b e  a c c e s s i b l e  by e x c l u s i v e l y  h igh  

energy procedures .  

I n  t h i s  paper ,  w e  d e s c r i b e  some r e c e n t  a c t i v i t i e s  i n  t h e  a u t h o r s '  

l a b o r a t o r i e s  u t i l i z i n g  t h i s  somewhat permiss ive  view o f  "h igh  tempera ture"  

p r o c e s s e s  as  a s y n t h e t i c  t o o l .  

The p r e p a r a t i o n  o f  c a t e n a t e d  systems i n v o l v i n g  e lements  o t h e r  than  

carbon i s  an  area i n  which s y n t h e s i s  has  t r a d i t i o n a l l y  r e l i e d  h e a v i l y  

on t h e  " e n e r g e t i c  chemistry"  approach.  

r e a c t i o n s  are a p p l i c a b l e  under  some c o n d i t i o n s ,  much o f  t h e  s y n t h e t i c  

p r o g r e s s  i n  t h e  area o f  c a t e n a t e d  hydr ides  and h a l i d e s  of  t h e  r e p r e s e n t a -  

Cive elements ,  f o r  example, has  r e l i e d  e i t h e r  on h y d r o l y t i c  procedures  

u s i n g  d e r i v a t i v e s  i n  which t h e  c a t e n a t i o n  i s  "preformed" by h i g h  tempera ture  

p r e p a r a t i v e  r o u t e s ,  o r  on thermal  o r  d i s c h a r g e  e x c i t a t i o n .  Thus, s y n t h e s i s  

o f  c a t e n a t e d  h a l i d e s  has  been f r e q u e n t l y  achieved  by d i s c h a r g e  r o u t e s  

involv ing  c h l o r i d e s  o r  compounds of t h e  h e a v i e r  ha logens .  Procedures  

involv ing  f l u o r i d e s  have been g e n e r a l l y  u n s u c c e s s f u l ,  and it is  f r e q u e n t l y  

assumed t h a t  t h e  r e a c t i v e  s p e c i e s  i n  f l u o r i d e  d i s c h a r g e s  are i n c o m p a t i b l e  

w i t h  r e t e n t i o n  o f  homoelemental bonding.  In t h e  c o u r s e  o f  i n v e s t i g a t i o n s  

While convent iona l  condensa t ion  

o f  t h e  d i s c h a r g e  r e a c t i o n s  o f  c o v a l e n t  f l u o r i d e s  o f  e lements  such as 

boron,  s i l i c o n ,  germanium, and phosphorus,  w e  have demonst ra ted ,  mass 

s p e c t r o m e t r i c a l l y  and i n  bulk ,  t h e  occurrence  o f  c a t e n a t i o n  i n  f l u o r i d e -  

based sys tems.  I n  more complex systems involv ing  s i l i c o n ,  halogen 

r e d i s t r i b u t i o n  and c a t e n a t i o n  t o  mixed h a l o p o l y s i l a n e s  has  been observed .  

\ 



Some of t hese  compounds have subsequent ly  been prepared  by a l t e r n a t e  

r o u t e s  and i n v e s t i g a t e d  i n  d e t a i l  by NMR double resonance techniques .  

Of more g e n e r a l  occu r rence  i n  microwave-excited f l u o r i d e  plasmas is 

r e a c t i o n  w i t h  o x i d e s  o r  oxygen i t s e l f  t o  produce oxyhal ide  s p e c i e s  such 

as OBF and O S i F z  which appear  t o  undergo a s e r i e s  of secondary r e a c t i o n s  

t o  produce an array o f  simple and polymeric oxyf luo r ides .  P rogres s  made 

t o  d a t e  toward t h e  e l u c i d a t i o n  of p roduc t s  and o f  p r i n c i p a l  r e a c t i o n  

pathways s u g g e s t s  that r e l a t i v e l y  s t r a i g h t f o r w a r d  fou r -cen te r  a d d i t i o n  

r e a c t i o n s  of t h e  p r i n c i p a l  o x y f l u o r i d e  i n t e r m e d i a t e s  a r e  involved .  

The well-known d i s c h a r g e  s y n t h e s i s  o f  t h e  boron subha l ides  provides  

a ready source  of t h e s e  compounds, which exemplify a c l a s s  of r eagen t s ,  

a c c e s s i b l e  by e n e r g e t i c  routes,  f o r  which a n  e x t e n s i v e  d e r i v a t i v e  chemistry 

can be deve loped .  

have now been p r e p a r e d .  

metallic r e a g e n t s  have been observed i n  which t h e s e  compounds func t ion  a s  

a formal source o f  BX groups .  A comparison i s  sugges ted  w i t h  t h e  high- 

tempera ture  boron-halogen chemis t ry  i n v e s t i g a t e d  by o t h e r s ,  i n c l u d i n g  

t h e  p o s s i b i l i t y  that  t h e  nominally s t a b l e  subha l ides  may f u n c t i o n  under 

some  c o n d i t i o n s  as  low tempera ture  sou rces  o f  h igh  tempera ture  s p e c i e s .  

A number o f  h i t h e r t o  unrepor ted  organo d e r i v a t i v e s  

Reac t ions  wi th  a number of o r g a n i c  and organo- 

Photochemical e x c i t a t i o n  i s  a p a r t i c u l a r l y  a t t r a c t i v e  source  of a 

more s e l e c t i v e  ene rgy  i n p u t  i n  sys tems,  such  a s  o rganometa l l i c s ,  that  

a r e  p o t e n t i a l l y  deg radab le  by more r i g o r o u s  h igh- tempera ture  procedures .  

New s y n t h e t i c  r e s u l t s  in organoboron photochemistry i n c l u d e  t h e  syn thes i s  

of an  e thyny l  d e r i v a t i v e  o f  t h ree -coord ina te  boron. The r e l a t i o n s h i p  

o f  photochemical and o t h e r  e n e r g e t i c  p rocesses  has  been probed i n  s t u d i e s  

o f  f r e e  r a d i c a l  chemis t ry  of phosphorus.  The r a d i c a l s  PCla and PCl4 have 

been c h a r a c t e r i z e d  and  t h e i r  chemical consequences i n v e s t i g a t e d .  

, ,  
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THE USE OF SPECIES FORMED BY HIGH TENPERATURE 
WAPORATION IN CHEElICAL SYNTHESIS 

P. L. Timms 

over t h e  l as t  t h i r t y  years ,  t!icrc i:ns bccr. ;ra: i n -  i i i tcrest  

i n  the  h iyh  t e m e r a t u r c ,  vacuuir evanora t ion  oi r.any s a l f i  e l c l e n t s  

and cospounds t o  form t h i ?  f i i a s .  s p e c i a l  a l l o y s  i i n d  ncti s o l  ? i : . x c x .  

A s  a r e s u l t ,  netiiods and a;r??arati.ie net; e x i s t  i o r  t h c  eva-,orntjon of a t  

l e a s t  a nrar. an iiour O F  r o s t  nr . ter i ; i ls  ;t any tcr:~er;lttirtt t p  ;5?3D:.  

at  r r e s s u r e s  of l,? t o r r  o r  lower. -6 

There has also been incrensinr.  sttidy o f  v2ror  s?ec ies  for;:8ecl 

when ma te r i a l s  

i d e n t i f i e d  b v  t h e i r  mass s p e c t r a  o r  u l t r a -v io l e t  s l ;cc t ra .  and va?or 

equ i l ib r ium measurerrents have been made. 

v.?pclrize a t  above lCKV°C. TI:e spec ie s  have -os t ly  Ecen 

Atorns of t h e  meta ls  and r e t a i l o i d s ,  vapors of low vale t i t  

conpounds, and vapors o f  some normal v a l e n t  CoKyounds, forced a t  Iiif.11 

temperatures,  a r e  a l l  "h i rh  cnerpy" sPec ies .  They nay he capable  of  

chemical r eac t ions  no t  shoc.n bv  the  o r i T i n a l  n n t c r i n l  i n  t he  condensed 

phase a t  lower temperatures.  

and commonplace genera t ion  f o r  ocher purposes,  t he  poss ib l e  use  of high 

temperature vapors a s  reaqents  i n  chen ica l  syn fhes i s  has been overlooked 

u n t i l  t h e  l a s t  few yea r s .  

Yet d e s r i t e  t h e i r  phys ica l  c h a r a c t e r i s a t i o n  

Tlle purpose of  t h i s  paper i s  t o  d i scuss  the  cond i t ions  

necessary tn  use h ieh  temperature snec ie s  i n  syn thes i s ,  t o  i n d i c a t e  t;:c 

s y n t h e t i c  p o t e n t i a l i  t i es  o f  s u c ! ~  spec ie s ,  and t o  s u r m r i s e  tlie r e s u l  ts 

of r e l evan t  researc!. un t l en r3y  i n  the  nuellor's 1ahorat::ry. 

Conditions f o r  usin: h i  :h t e rpe rz t i i r e  vapors I n  synt:!csis 

. _  ::ilenevcr a va?or i s  fornicd b y  h e a t i n r  n : . .aterial i:, t h e  

condensed ;.h.?sc, t:le enerzy sup?l ied  ovcrconcs tile forces  rJ:li (:h lioitl ti.e 



molecules o r  atoms toge the r .  Rela t ive  t o  the  condensed phase of t he  

m a t e r i a l  a t  room tempera ture ,  t he  vapor is a spec ie s  of h iqher  energy. 

For a ma te r i a l  wi th  a normal b o i l i n g  poin t  of above 150OoC, t h e  

d i f f e r e n c e  i n  f r e e  energy between the  s o l i d  a t  room temperature and 

i t s  vapor a t  room tempera ture  w i l l  usua l ly  be above 30 Kcals p e r  mole. 

The vapors of meta ls ,  w i th  a few except ions ,  w i l l  be atomic spec ie s  

wi th  f r e e  energ ies  of formation of +30 t o  +180 Kcals r e l a t i v e  t o  t h e  

s o l i d  metal. Such atomic spec ie s  may have a chemical r e a c t i v i t y  f a r  

g r e a t e r  than t h a t  of  t h e  o r i g i n a l  meta ls .  

Cf course ,  t h e  vapors formed by evapora t ion  a t  high temperatures 

a r e  n o t  s t a b l e  a t  o r d i n a r y  temperatures and w i l l  immediately condense to  

reform t h e  s t a r t i n g  m a t e r i a l .  

r e a c t i o n s  only wi th  t h e  r e l a t i v e l y  few o t h e r  molecules which a r e  s t a b l e  

a t  high temperatures.  tiowever, t h e  p o t e n t i a l  r e a c t i v i t y  of t h e  high 

temperature vapors towards a wide range of compounds can be exp lo i t ed  by 

cocondensing t h e  h igh  tempera ture  vapor and the  vapor of another  compound 

on a s u r f a c e  a t  -196'. 

genera ted  under high vacuum and passes  by a c o l l i s i o n  f r e e  pa th  t o  a cold 

s u r f a c e ,  on t o  which ano the r  molecule i s  a l s o  be ing  condensed. The high 

temperature spec ie s  w i l l  e i t h e r  r e a c t  wi th  i t s e l f  on the  co ld  su r face  o r  

wi th  t h e  o the r  molecule. Which r e a c t i o n  is  favored depends on both 

themadynamic and k i n e t i c  f a c t o r s .  

energy l e s s  than about 5 Kcals can occur to  a measureable ex ten t  a t  -196O, 

They can thus be made t o  undergo gas-phase 

This r equ i r e s  t h a t  the  high temperature vapor i s  

Only r eac t ions  wi th  an a c t i v a t i o n  

bu t  f o r t u n a t e l y  t h e  r e a c t i o n s  of many high temperature spec ie s  do have 

very  low a c t i v a t i o n  ene rg ie s .  
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Synthetic possibilities of high temperature species 

Two types of uses are seen for cocondensation reactions of 

hieh temperature species with ordinary molecules at low temperatures. 

In the first, the high temperature atom or molecule will become 

incorporated in another molecule with which it reacts. This use has 

been well illustrated by published work on carbon and silicon vapor, and 

by reactions of other high temperature species such as boron monofluoride, 

silicon difluoride, and silicon dichloride . It is to be expected that 

atoms and homonuclear molecules of almost all metals and metalloids, and 

molecules like BCZ, Sic, SiO, etc., will all react with other molecules 

to form new compounds which contain the species. 

1 

In the second use, the high temperature species may be used as 

powerful and selective reagents for removal of halogens and other active 

atoms from molecules. Although nearly all metals miqht serve in this 

role,  it is to be expected that the greatest selectivity will be shown by 

the later transition metals, for which intermediates may be Eoverned by 

particular complexing ability. 

Present work in the author's laboratory 

A. Methods of Evaporation 

Two main methods are being used to evaporated metals and other 

raterials inside a chamber with liquid nitrogen cooled walls, at a 

pressure less than torr. 

The first is electron bombardment heating using a Varian "e-Gun", 

which permits downward evaporation from a rod of material. 

materials which melt before evaporation, a molten drop is held on the end of 

For  those 



t h e  rod by su r face  t ens ion .  

vapor i ses  from t h e  t i p .  

one gram an hour f o r  most meta ls  b o i l i n g  below 30OO0C, and f o r  carbon, 

s i l i c o n ,  and boron. The method has the  disadvantage t h a t  i t  does not  

allow evapora t ion  of very  l a r g e  q u a n t i t i e s  of metals.  There is  a l s o  

some unce r t a in ty  about t h e  temperature a t  which evapora t ion  i s  occuring, 

and t he  e l e c t r o n i c  state o f  t he  vapor s p e c i e s  formed. 

have been problems due to  s t r a y  e l e c t r o n s  ind ide  t h e  vacuum chamber 

e x c i t i n g  the vapor which is be ing  cocondensed wi th  t h e  h igh  temperature 

The rod can be advanced as mate r i a l  

The method g ives  a r a t e  of evapora t ion  of about 

Occasionally t h e r e  

rpec ie s .  

The second method is simple evapora t ion  from r e s i s t i v e l y  heated 

It is  easy mlybdenum boa t s  or b a s k e t s ,  wi th  o r  wi thout  alumina l i n i n g s .  

to  evaporate 1 to 3 g. an  hour of metals l i k e  copper or s i l v e r ,  and i t  

will probably prove t h e  b e s t  method f o r  most meta ls  b o i l i n s  below 300OoC. 

It can be r ca l ed  up t o  permi t  evapora t ion  of many grams of  a metal. 

B. Reactionm of Xomr be ing  s tud ied  

Boron. Atom 

The r e a c t i o n s  of boron wi th  hydrogen h a l i d e s ,  boron t r i c h l o r i d e ,  

phosphorus t r i c h l o r i d e ,  and some organic  compounds have a l r eady  been 

2 repor ted  by the  au tho r  . Fur the r  r eac t ions  be ing  c a r r i e d  out  a l l  tend t o  

confirm t h e  idea  t h a t  boron atoms r e a c t  d e s t r u c t i v e l y  wi th  most compounds. 

Free r a d i c a l  po lymer isa t ion  occurs, and t h e  y i e l d s  of products i n  which 

boron has  undergone simple i n s e r t i o n  i n t o  a bond o r  any s i m i l a r  process,  

are always low. 

S i l i c o n  Atom 

One r e a c t i o n  of  s i l i c o n  atoms, t h e i r  i n s e r t i o n  i n t o  the  Si-H bond 
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3 of trimethylsilane, has already been reported by Skell . 
silicon has been reacted with B F 

series SiF4,n(BF2)n (the firat two members of this series, SiF3BF2, and 

SiF2(BF2I2, have resulted from the action of SiF 

The only new volatile material obtained from the cocondensation of B2F4 

and Si atoms, has been characterised as SiF(BF2)3. 

assigned from its mass spectrum, "B and 19F nmr spectrum, and infrared 

spectrum. 

In this work, 

in an effort to make compounds in the 2 4  

on boron at 2000°C). 4 

This structure was 

The compound Si(BF2)4 was not formed. 

Iron Atoms 

Iron has been cocondensed with a large excess of benzene in' an 

effort to make the as yet unknown compound dibenzeneiron, Fe(C6H6)*. On 

Warming the cocondensate to about -50' under vacuum, most of the benzene 

could be pumped off. 

liberating benzene, and a little diphenyl and hydrogen, 

metallic iron. 

temperature in the presence of one atmosphere of hydrogen, there was no 

explosion. 

cyclohexane. 

was being formed. 

than usual as it would be reduced to cyclohexane under very mild conditions. 

The formation of dibenzeneiron would be consistent with the data so far 

obtained, but more work is necessary to prove its existence. 

On warming further to Oo, the cocondensate exploded 

The residue was 

If the cocondensate was allowed to warm from -50" to room 

The volatile material which could be pumped off was then mostly 

The results suggest that a very unstable iron benzene compound 

The reactivity of benzene in the compound was far higher 

This work with iron atoms does demonstrate that cocondensation 

reactions may be a useful route to unstable zero-valent transition metal 

complexes. 
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Nickel Atoms 

Nickel was cocondensed with carbon d ioxide .  On warmin:: the  

cocondensate a l i t t l e  above -196' some carbon monoxide was evolved. 

About 15% of t he  n i c k e l  depos i ted  was recovered a s  n icke l  carbonyl,  

t h e  rest remained a s  a black n i c k e l  oxide,  approximatine t o  N i O  i n  

composition. 

t h e  equation 

The y i e l d  of Ni(C0)4 was about 752 of t h a t  requi red  by 

5 N i  + 4C02 - Ni(CO), + 4SiO 

Nickel vas a l s o  condensed wi th  boron t r i f u o r i d e  t o  t r y  t o  

o b t a i n  #i(BF)4. 

of a n icke l  bo r ide  and the  known complex NiF2.BF3. 

s tepwise  reduct ion  of t h e  boron t r i f l u o r i d e  was obtained. 

Reaction occured bu t  t h e  product seemed t o  b e  a mixture 

Ho evidence of 

Copper and S i l v e r  Atoms 

Copper has been found to  be a very  e f f e c t i v e  reagent f o r  

removing c h l o r i n e  from R-C1 bond and coupling the  boron atoms. 

copper stoma and BC1 

formed i n  40% of the  y i e l d  requi red  by t h e  equat ion  

2Ch + 2BC13 - 2(11Cl B2C14 

When 

w e r e  cocondensed i n  a 1:6 mole r a t i o ,  B2C1,, was 3 

Using copper atoms and CH BC12 ,  a s i m i l a r  y i e l d  of t h e  new 3 

compound 1,2-dimethyl-l,Z,-dichlorodiboron was obtained. 

cha rac t e r i s ed  by i ts  mass spectrum and i t s  "B and proton nmr spectrum, 

and by its q u a n t i t a t i v e  

a t  -8OO. The cocondensation r e a c t i o n  of copper with (CH3)2BCl was very  

complex, althounh an uns t ab le  compound (CH3)4B2 may have been among the  

products.  

This w a s  

reconversion t o  CH BC1 on treatment wi th  ch lo r ine  
3 2  



Cocondensation of copper atoms generated by electron 

bombardment heating with a mixture of BC13 and SiC14, gave B2C14 

and SiC13BC12. 

molybdenum boat at lGOOo with the same mixture, gave B2C14 but 

no Sic1 Bel2. 

the copper vapor or of the SiC14 which can occur with electron 

bombardment heating . 

Cocondensation of copper evaporated from a 

i 

This is an example of electronic excitation either of 3 

1 

Silver atoms, formed by evaporation from molybdenum boats, 

react with B-C1 compounds in a similar way to copper atoms, but the 

yields are much poorer. 

from the surface where cocondensationtakes place. 

The bulk of the silver is recovered as metal - 
i 



200 

References 

1. For a general reciew see P.L. Tims, Endeavour, 27, 133 (1968) 

2.  P.L. Tims, Chem.Commun., 258 (1968) 

3. P.S. Skell and F.N.  Owen, J.Am.Cliem.Soc., 89, 3933 (1967) 



201 

i 1 '  ' 

THE OXmATION O F  HYDROGEN CHLORIDE I N  ELECTRODEZESS 
RADIOFREQUE3CY DISCHARGES 

Raymond F. Baddour and D. F. Flamm 

Department of Chemical Engineering 
bbssachusetts Institute of Technology, Cambridge, bbssachusetts 02139 

A s tudy  of t h e  ox ida t ion  of Hydrogen Chloride i n  e lec t rode-  
less glow discharges  between 3.75 and 150 torr i s  descr ibed .  A 
c y l i n d r i c a l  qua r t z  r e a c t o r  was used a t  2 4 5 0  mHz i n  a tapered  wave- 
guide  sec t ion .  Other work done a t  7 and 20  mAz used c y l i n d r i c a l  
v e s s e l s  with e x t e r n a l  s l eeve  e l e c t r o d e s  and pil lbox-shaped r e a c t o r s  
wi th  e x t e r n a l  e l e c t r o d e s  pa in ted  onto  t h e  f l a t  t o p  and bottom sur -  
f aces .  Power a t  20 mHz w a s  coupled from a se l f - exc i t ed  o s c i l l a t o r  
through a coupling c o i l  i n  t h e  tank and a t  7 mIiz a h e l i c a l  reasonator  
w a s  used. 

For s u f f i c i e n t l y  high d r i v i n g  f requencies  t h e r e  is not  

., 

s u f f i c i e n t  t i m e  dur ing  a cyc le  f o r  e l e c t r o n s  t o  be swept t o  the  
w a l l s  of a d ischarge  r eac to r .  E lec t ron  l o s s  i s  then  con t ro l l ed ,  
i n  a non-at taching gas ,  by d i f f u s i o n .  For a cons tan t  e l ec t ron  
momentum c o l l i s i o n  frequency vm, t he  average power inpu t  per  u n i t  

and i ikewise  t h e  e l e c t r o n  energy 

where 

kvm E = Edc - - 2w 

v& 
w2 + vm2' 

i s  given by 

Edc s i n  2u t  

i~ t h a t  energy obtained i n  a d.c.  e lectr ic  f i e l d  of magnitude 

equa l  t o  the  a.c. R . M . S .  value and where w i s  the  frequency of 
t h e  appl ied  f i e l d ,  k is  t h e  average f r a c t i o n  of energy l o s t  per  
c o l l i s i o n  and i s  assumed cons t an t ,  m i s  the  e l e c t r o n  mass, and 
E, is t h e  peak appl ied  f i e l d ,  and p i s  the  mobi l i ty .  

a 
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The behavior  is  expla ined  by the  balance between e l e c t r o n  at taci i -  
ment and detachment processes in  t h e  d i f f e r e n t  reg ions  of t h e  
d ischarge .  

' Limited d a t a  were a l s o  

H20 + C 1 2  = 

obta ined  on t h e  r eve r se  r e a c t i o n  

. 
1 2 H C 1  + p 2  

which gave some evidence  t h a t  a t  moderate p re s su res  t h e  r e a c t i o n  
approached an asymptot ic  composition a t  long res idence  t i m e .  

€or e l e c t r o n s  i s  v i b r a t i o n a l  e x c i t a t i o n  of €IC1 and subsequent 
i n f r a r e d  r a d i a t i o n .  

F ina l ly  it is shown t h a t  a major method of  energy loss 

b 

I '  
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FREE ENERGY CHARTS FOR HIGH TEMPERATURE CHEh4ICAL CALCULATIONS 

T. B. Reed 
Lincoln Laboratory, * Massachusetts Institute of Technology 

Lexington. Massachusetts 021 73 

To calculate the degree of chemical reaction for  

a A + b B +  ... = m M + n N +  . . .  (1) 

AG(T) = AH(T) - TAS(T) . (2) 

a t  any temperature, i t  is necessary to h o w  the Gibbs free energy change 

One can then find the concentrations of the reactants and products from the equilibrium 

constant K 
- 

m n a b  
M N A B  A G = - R T I n K z - R T P n p  p /p p (3) 

where p is the activity of each reactant. 

gaseous a t  the reaction temperature, p is approximately equal to the par t ia l  pressure.  

The heat capacitites, and other thermodynamic properties of elements and com- 

F o r  reactants whose standard s ta te  is  

pounds, a r e  not simple functions of temperature  and a r e  usually presented in extensive 

tabulations such as JANAF Tables. 

the non-linear te rms  largely cancel so  that to a very good approximation 

However, in forming AG from these properties, 

AG(T) = &  - ThS (4) 

where now AH and & a r e  respectively the asymptote and slope of a plot of AG vs T, 

and may differ by j-lO% from AH(T) and AS(T). 

formation of A f  0 varies  from the s t ra ight  line AG = -402.3 + 77.2T by a t  most 

0.08% between 1,000 and 2, 300°K, while AH(T) varies by 1.5% and S ( T )  var ies  by 

5% over this range. 

For  instance, the free energy of 

2 3  

It is possible to summar ize  a grea t  deal of the data on chemical reactions in 

the form of families of s t ra ight  lines on plots of AG vs T. Free e n e r p o f  reactions 

for  the formation of the chalcogenides, halides and hydrides, disassociation of poly- 

atomic gases and ionization of elements are assembled here as a convenient summary 

of the thermodynamic data on these reactions. The s t ra ight  line values of AH and 2 
a r e  tabulated. 
*Operated with support from the U.  S. A i r  Force.  

_-- .- 



A plot of AG vs T has  a number of advanuges in the presentation of free energy 

data. I t  enables the relat ive reactivity of various mater ia ls  to be easi ly  visualized 

over  a wide range of temperature .  

that melting points and boiling points of reactants a r e  recorded. The charts  become 

simple nomograms in severa l  ways. A fixed value of K lies on a line passing through 

the origin s o  that by adding one sca le  it i s  possible to read K o r  p for reactions involving 

only one gas. Other scales can be constructed to give the results of compound reactions 

such  as hydrogen reduction of oxides. The free energy change is proportional to the emf 

of electrochemical reactions so  that a separate  scale  gives this conversion. 

* /  

Phase changes a r e  marked by changes in slope so 

At temperatures above 2, OOOOK many of the diatomic gases begin to dissociate. 

Above 10, OOOOK most .molecules have dissociated to a toms and the atoms begin to 

ionize thermally to give electrons and ions. F o r  dissociation and ionization a t  one 

atmosphere total p ressure ,  It is possible to read on the free energy charts  the degree 

of dissociation o r  ionization and the partial p ressures  of molecules, atoms, ions, and 

electrons. By moving the sca le  it is possible to read these quantities at any other total 

p ressure .  The use d the charts  in measuring very high temperature i s  discussed. 

The major s.mrce of entropy change in chemical reactions involving at least  one 

gaseous species is the production or consumption of gas, since the entropy of a mole 

of gas is much higher than that of the corresponding solid o r  liquid. 

apparent on examining the charts  that the entropy change is given approximately by 

? AS = f kAn, where An is the increase in  the number of moles of gas for the reaction. 

For the formation of the chalcogenides and halides, the constant k is.approximately 

40-50 e. u. /mole. but is s m a l l e r  for  reactions involving dissociation' o r  ionization. 

Provided that the reactions a r e  all written for one mole of g a s ,  the free energy charts 

then show a series of paral le l  lines of slope AS. From this i t  is seen  that the 

relative magnitude of AG i s  determined primarily by 

of oxides, sulfides. etc. stays constant over  a wide range of temperatures. 

It becomes 

- 

- 
' 

and the relative stability 

The  oxygen pressure  a t  equilibrium between a metal and its oxide o r  between 

a n  oxide and a higher oxide provides a scale of stability toward oxidation s imilar  to 

the EMF o r  electronegativity scale .  

p ressure .  - log po (analoKous to the definition of pH as the negative log of hydrogen 

We define "p0" as the negative log of oxygen 

2 

4 

i 
.A 

I 


